Predawn leaf water potential (LWP), the LWP between 09:00 and 10:30 h (termed minimum LWP), stem xylem hydraulic conductivity, foliar nitrogen, leaf gas exchange and leaf traits were measured on the same days in adults and 1-year-old to 7-year-old resprouts that had regrown after removing all the aboveground shoots. Height growth and accumulation of aboveground biomass quickly decreased with resprout age and there was no difference between 7-year-old resprouts and the uncut adults. Predawn LWP showed no significant difference between resprouts and adults, but the minimum LWP decreased gradually from −2.0 MPa in 1-year-old resprouts to −3.0 MPa in 7-year-old resprouts. The decrease in minimum LWP was associated with increased hydraulic resistance, as indicated by the gradual decrease in leaf area-specific hydraulic conductivity (K L ) and sapwood area-specific hydraulic conductivity (K S ) and the associated increase in stem native percentage loss of hydraulic conductivity in older than 2-year-old resprouts. The leaf nitrogen content per unit area (N area ) also decreased steadily from 3.6 g m −2 in 1-year-old resprouts to 1.7 g m −2 in 7-year-old resprouts. With the decline in LWP and N area , the rate of leaf photosynthesis per unit area (A area ) decreased from 20 µmol m −2 s −1 in 1-year-old resprouts to 11 µmol m −2 s −1 in 7-year-old resprouts. In adults, although K S decreased further compared with 7-year-old resprouts, the minimum LWP, K L , N area and the rate of photosynthesis increased by 0.3 MPa, 29, 34 and 23%, respectively. The results show that a progressive loss of stem hydraulic conductivity and a steady decrease in foliar nitrogen with age were associated with a decrease in the photosynthetic rate of Caragana korshinskii Kom. resprouts, possibly changing the allocation of photosynthetic assimilates and slowing resprout height growth.
Introduction
Height growth of woody plants is usually rapid when young, but then slows down and virtually ceases by the time the plants are mature (Ryan and Yoder 1997 , Koch et al. 2004 . Several mechanisms have been suggested as slowing plant growth with age and preventing plants from growing beyond a certain height in a certain environment (Ryan and Yoder 1997 , Koch et al. 2004 , Thomas 2010 . One hypothesis is that increasing constraints in the transport of water through the xylem increases with an increase in plant size. The increased constraints to water transport reduce the hydraulic conductivity, reduce stomatal conductance and photosynthesis, eventually slowing height growth and limiting tree height to a maximum (Ryan and Yoder 1997) . This mechanism has been widely used to explain the age-related changes in physiological processes and height growth in tall trees (Cavender-Bares and Bazzaz 2000 , Thomas and Winner 2002 , Ishida et al. 2005 , Thomas 2010 ). For example, across ontogenetic stages, conifers appear to show a strong pattern of an age-related decrease in photosynthesis (Thomas and Winner 2002) , and temperate deciduous trees have been reported to show that photosynthetic
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capacity and stomatal conductance had a unimodal pattern, with peak values at an intermediate size, and then decreased from intermediate to large size (Thomas 2010). Another hypothesis is that nitrogen (N) limitation increases with tree age as the immobilization of N in woody biomass causes a reduction in the nutrient pools sufficient to cause a reduction in foliar area, causing photosynthesis to decrease (Drake et al. 2010 ) and the assimilation allocation to roots to increase, eventually slowing down tree height growth (Ryan and Yoder 1997) .
It usually takes woody plants many years, and in some cases more than several hundred years, to transit from a sapling to an adult tree. However, in many ecosystems, shrubs can sprout after fire, grazing, cutting or wind-throw, and the time for transitioning from resprouts to the adult plants can be reduced due to the dramatic growth of resprouts following damage (Bond and Midgley 2001 , Fang et al. 2008 , Drake et al. 2009 , Utsumi et al. 2010 , Goorman et al. 2011 . Nevertheless, the height growth rate of resprouts decreases with age. Because resprouts only reach the maximum height of uncut adults, but not a greater height, they offer a quick way to investigate the limits to height growth. One of the reasons why resprouts have greater rates of height growth is that the resprouts mobilize stored carbohydrates from roots to support the aboveground growth in the year immediately following disturbance (Landhäusser and Lieffers 2002, Fang et al. 2008) , while the reduction in the total leaf area of the plant, without a proportional decrease in belowground water-absorbing surfaces (higher root/shoot ratio), results in an increase in plant water status, an increase in foliar nitrogen, higher net photosynthetic rates, higher stomatal conductances and higher rates of leaf transpiration (Fang et al. 2008 , Drake et al. 2009 , Utsumi et al. 2010 , Goorman et al. 2011 . If a decrease in hydraulic conductivity and/or nitrogen availability limits height growth, the changing pattern in these physiological responses with resprout age may serve as models for understanding the mechanisms that change growth and physiology as trees approach their final size.
In the present study, we used the resprouting shrub Caragana korshinskii Kom., the shoots of which are often removed by local farmers to use as supplemental livestock forage or as an energy source in winter. Following aboveground shoot removal, multiple shoots arise from the crown (Fang et al. 2008 ) that play an important role in regenerating the population, and maintaining the economic and ecological functions in the arid and semiarid areas where the shrubs grow. After 7-9 years of regrowth, the height of the resprouts of C. korshinskii is almost equal to that of adult shrubs. In previous studies, we have shown that height growth in resprouts of C. korshinskii is initially rapid due to an improved water status and an increased nutrient content of the leaves, leading to enhanced leaf photosynthesis, but after 1 to 2 years the height slows down (Fang et al. 2006 (Fang et al. , 2008 . The present research differed from previous studies (Fang et al. 2006 (Fang et al. , 2008 in that we monitored the hydraulic conductivity and leaf traits, in addition to photosynthetic parameters and nitrogen content, from resprouts ranging in age from 1 year to 7 years after all the aboveground shoot biomass was removed, and we compared the regrowth parameters with those in adult uncut shrubs in the same year and under similar environmental conditions. Specific questions included: (i) what mechanism(s) causes the slowing of height growth with resprout age? (ii) What is the pattern of age-related hydraulic conductivity, nitrogen content and rate of photosynthesis from different-aged resprouts to adults?
Materials and methods

Study species and materials
Caragana korshinskii is a long-lived shrub (>50 years) and is commonly found in arid and semiarid environments on the Loess Plateau in northwestern China, where its shoots are cut by local farmers to use as fuel energy in winter or to feed sheep in late winter before the grass grows in spring. This study was conducted with C. korshinskii planted at the Semiarid Ecosystem Research Station, run by Lanzhou University, at Zhonglianchuan village in the northern mountainous region of the Loess Plateau, ~90-100 km north of Yuzhong County (104°25′E, 36°20′N), Gansu Province, northwestern China. The soil is a deep (at least 50 m) loess, the average altitude is ~2400 m and the average annual temperature is +6.5 °C. The area receives an average of 320 mm precipitation per year. During the growing season from May to October 2010, the total rainfall, recorded at a nearby weather station, was 234 mm, which is ~80% of the total annual rainfall (mm) and similar to the average values for the past 50 years.
Experimental design
Eighty 16-year-old shrubs were randomly chosen in the C. korshinskii stand in 2004. Ten plants were randomly chosen as the adult control group and the remaining 70 plants were randomly chosen to remove aboveground shoots at 10 mm above the soil surface (coppiced) at the end of winter (15-28 March) in 2004 (15-28 March) in , 2005 (15-28 March) in , 2006 (15-28 March) in , 2007 (15-28 March) in , 2009 (15-28 March) in and 2010 , at a time when local farmers commonly remove shoots to use for fuel; 10 plants were cut each year. The plants were not coppiced in 2008. After cutting, the shoots were dried to constant weight at 70 °C to determine biomass per plant. Exclosures constructed of 10 mm mesh cotton cloth were erected around the entire experimental site to protect the shrubs from potential vertebrate herbivory.
In early August 2010, leaf water status, hydraulic conductivity, photosynthesis and leaf traits were measured over a 5-day period in adult plants and resprouts that were 1, 2, 4, 5, 6 and 7 years old to investigate the changes in hydraulic conductivity, leaf nitrogen content, leaf photosynthesis and leaf traits with age.
Stem hydraulic conductivity
To calculate the xylem-specific conductivity, five main stems (diameter between 5 and 12 mm) from each treatment were removed at 10 mm above the soil surface early in the morning, were re-cut immediately under double-distilled water to avoid embolism and were transported to the nearby field laboratory with the cut end immersed in water and the free end tightly covered with an opaque plastic bag, and then the hydraulic conductivity was measured by the method described by Sperry et al. (1988) . Because vessels with their end walls removed at both ends can greatly increase stem hydraulic conductivity measurements, we determined the length of the longest vessel using low-pressure air injection (using a hand pump) on a shoot segment and cut the segment back distally until the first bubbles were seen perfusing through the wood. The longest vessel in all treatments was <80 mm, and we used unbranched segments of ca. 200-250 mm to measure the hydraulic conductivity. The distance from the laboratory to the field site was ~300 m, which meant that we could measure stems within 300 s after collection and thereby avoid any effects of stem necrosis on xylem hydraulic conductivity. The basal segment of the stem (length ~20 mm) was cut to determine wood density, and the rest of the stem segment was re-cut, trimmed with a fresh razor blade and connected to the hydraulic apparatus (Sperry et al. 1988 ) for perfusing with a filtered, 10 mM oxalic acid solution under a gravity-induced pressure head of ~5 kPa that avoids refilling of seasonally embolized vessels. The segment was perfused with the solution until a steady-state flow was attained, at which point the native hydraulic conductivity (K nat , kg m s −1 MPa −1 ) of the segment was calculated by the method described by Chen et al. (2010) . Afterwards, the segment was perfused with 0.01% safranin dye to determine the conductive sapwood area at ~10 mm from each end by measuring the stained cross-sectional area. The geometric mean of these two values was used to represent sapwood area in the following calculations. Leaves distal to the stem segment were removed, immediately weighed fresh and then scanned to determine leaf area using a WinRHIZO Root Analysis scanner (WinRHIZO Root Analysis, Regent Instruments, Quebec, Canada). After oven drying for ~48 h the dry leaf mass per unit area (LMA) (mg cm −2 ), leaf density (mass per volume, LD) and thickness (LT) were determined as described by Peña-Rojas et al. (2005) . Sapwood area-specific hydraulic conductivity (K S ) and leaf area-specific hydraulic conductivity (K L ) (in kg m −1 s −1 MPa −1 ) were calculated as K nat divided by sapwood and leaf area, respectively. Then, the sapwood conducting area (A sw ) to distal leaf area (A L ) ratio [Huber values (HV)] was calculated: HV = A sw /A L (Tyree and Ewers 1991).
Stem native percentage of loss of stem hydraulic conductivity
The native percentage loss of hydraulic conductivity (PLC) in a stem segment was estimated by its native conductivity as a percentage of the maximum obtained after removal of embolism. In the morning, five main stems per treatment were collected as mentioned above from the same plants on which K S was measured. Then in the laboratory, a stem segment was cut under water and connected to the hydraulic apparatus. After the measurement of K nat , the segments were flushed using a filtered, 10 mM oxalic acid solution under a constant pressure of 0.18 MPa for 600-1800 s to remove embolism until stable readings of flow rate were reached. The xylem was completely stained with safranin dye when the stems of resprouts and adults were flushed with the dye after flushing the stems at a pressure of 0.18 MPa, showing that all embolism had been removed. Afterwards, the maximum conductivity (K max ) was measured by using a pressure head of ~5 kPa. Native PLC was then calculated as: PLC = 100(K max − K nat )/K max .
Xylem density
Xylem density was measured by the method of Utsumi et al. (2010) . Briefly, bark and pith were removed from the segments, and the segments soaked in water under vacuum until gas bubbles no longer appeared (ca. 24 h). Density was then measured by water displacement on an analytical balance. Samples were dried in an oven at 70 °C for at least 48 h, and the dry mass of the xylem was measured for the calculation of density: dry mass (g)/fresh volume (cm 3 ).
Leaf water status, gas exchange and N concentration
The shrubs were covered with plastic film in the evening to eliminate wind effects and to increase the recovery of leaf water potential (LWP), and the next day, the leaf water status of the upper fully expanded leaves was measured at predawn (04.30-06.00 h, Beijing Standard Time) and at 09:00-10:30 h (termed minimum LWP) using a pressure chamber (Model 1000, PMS Instrument Company, Albany, OR, USA), and following the precautions recommended by Turner (1988) . The proximal six leaflets were removed before the leaf midrib was inserted into the pressure chamber. Five leaves in each treatment from the same plants on which K S was measured were used. On leaves at the same node of the same individuals to those measured for LWP, the rate of leaf photosynthesis and stomatal conductance were measured with a portable, open gas exchange system (Li-6400, Li-Cor Inc., Lincoln, NE, USA) in high light (1200 µmol m −2 s −1 ) from an LED light source and a CO 2 concentration of 380 µmol mol −1 . The measurements of photosynthesis were conducted in the same time interval as those of minimum LWP when the leaf-to-air saturation deficit was small. During the measurement, the cuvette air temperature was 20 °C. After the measurement, the part of the leaf Limits to the height growth of shrub resprouts 277 inserted into the cuvette was placed in a rapid-seal plastic bag and its area was measured with the WinRHIZO Root Analysis scanner used previously, in order to calculate the rate of leaf photosynthesis per unit area (A area ) and stomatal conductance (g s ). Then net photosynthesis per gram (DW) was calculated (A mass ) as A area divided by LMA for the same plant.
Leaves from the same individuals as those measured for photosynthesis were used for the determination of nitrogen content (N%) by the semi-micro Kjeldahl method recommended by Bremner (1965) , and leaf nitrogen content per unit area (N area ) (g m −2 ) was then calculated as LMA × nitrogen content (%) for the same plant.
Biomass allocation
At the end of the growing season and before leaf abscission (late September 2010), all resprouts from each clipped plant and all shoots from each mature plant were harvested to determine plant height growth. The number of resprouts and the stems from the adults were calculated to determine the resprout number and the stem number per plant. Three resprouts from each clipped plant and three stems from each adult plant were randomly chosen, separated into leaves (including petioles), stems and spines and then dried to constant weight at 70 °C, and were used to determine biomass allocation to leaves, stems and spines (percentage of total biomass). The remaining samples were dried at 70 °C for 48 h, the shoot production per shrub (kg) and leaf production per plant (g) were determined, and then the leaf area per plant (LAP, m 2 ) was estimated by dividing the leaf biomass by LMA (there were no differences in LMA along the stem or resprout).
Statistical analysis
Statistical analyses for dry matter of plants at coppicing, stem number per plant at harvest 2010 (stems mainly arose in the year immediately following coppicing) and plant height at harvest 2010 were performed using SPSS 15.0 by one-way analysis of variance. As the height increased steadily from 1-year-old to 7-year-old resprouts and then to the adults, height was used in the analyses as a variable instead of resprout age. A preliminary examination of height-dependent patterns indicated that many traits were well described by the allometric relation Y = aX b , which is nearly universally found in studies of morphological allometry. Analyses for all relationships were therefore based on log-log transformed data, which greatly improved homoscedasticity of residuals. Second-order polynomials were fitted for all relationships (log Y = a + b log H + c (log H) 2 , and if the second-order polynomial was not significant, then a linear (allometric) equation was fitted (log Y = a + b log H) in Sigmaplot (version 10.0; Systat Software, San Jose, CA, USA), where H is the height of resprouts and the adults, Y is the given trait, and a, b and c are constants. Linear regressions were fitted between A area and g s , A area and N area , A area and LT, g s and minimum LWP, minimum LWP and K L , and K S and native PLC, using Sigmaplot.
Results
Dry matter of plants at coppicing in each year
The aboveground biomass of the shrubs at coppicing between 2004 and 2010 was similar at 1.3 ± 0.02 kg plant −1 in all years, suggesting that all the plants were adults (Figure 1a) .
Regrowth, LAP and biomass allocation
Multiple shoots arose in the year immediately following coppicing so that resprout numbers per plant were 1.6-1.8 times greater in the coppiced plants than in the adults (Figure 1b) . The height was 0.72 ± 0.06, 0.97 ± 0.03, 1.16 ± 0.09, 1.29 ± 0.04, 1.40 ± 0.05, 1.48 ± 0.03 m in 1-year-old to 7-year-old resprouts, and the annual increment in height gradually decreased with resprout age to 0.25 ± 0.02, 0.19 ± 0.01, 0.13 ± 0.007, 0.11 ± 0.005 and 0.08 ± 0.001 m in each successive year. After 7 years of growth, the height of the resprouts was similar to that in the adult controls (1.57 ± 0.07 m) (Figure 1c) . . Dry matter of plants at coppicing (a) and stem number per plant (b) in resprouts after different years of regrowth from coppicing were similar to and higher than those in the adult plants, and (c) plant height increased gradually with resprout age and finally was similar to that in the adults. Note that the annual increment in height gradually decreased with resprout age. Values are means + 1 SE of the mean (n = 10 for dry matter at coppicing; n = 5 for stem number per plant and plant height). Values followed by different letters were significantly different at P = 0.05.
As the height increased steadily from 1-year-old to 7-yearold resprouts and then to the non-coppiced adults, height was used as a variable instead of resprout age to analyse the relationship with other measured traits. Aboveground biomass increased with resprout height, but the annual increment quickly decreased with height so that after 7 years of regrowth, the aboveground biomass was similar to that in the uncut adult plants (Figure 2a) . Leaf area per plant and leaf biomass showed a unimodal pattern relative to plant height: lowest in 1-year-old resprouts, maximum in 2-to 6-year-old resprouts and then decreased in 7-year-old resprouts, but the LAP and leaf biomass were still greater in the 7-year-old plants than in the uncut adults (Figure 2b, c) . Leaf (including petiole) and spine biomass allocation decreased with height, while stem biomass increased steadily with height ( Figure 2d, e, f) . The secondorder polynomial regressions were significant for aboveground biomass, LAP, leaf biomass and spine biomass allocation relative to height, and the linear regressions were significant for leaf and stem biomass allocation relative to height (Table 1) .
Leaf physiology and biochemistry
The predawn LWP of −1.2 MPa did not differ significantly with plant height (Figure 3a) , but by 09:00 to 10:30 h, the minimum LWP showed a significant (Table 1) decrease with height and age, from −2.0 MPa in 1-year-old resprouts to −3.0 MPa in 7-year-old resprouts, and then increased to −2.7 MPa in the adult plants (Figure 3b ). Similar to the results for minimum LWP, the rate of leaf photosynthesis per unit area (A area ) and stomatal conductance (g s ) decreased significantly ( Table 1) with resprout height, with a decrease of ~47 and 73% from 1-year-old to 7-year-old resprouts, respectively, and then increased in the adults (Figure 3c, d) . The leaf nitrogen content per unit area (N area ) decreased linearly with plant height (Figure 3e , Table 1 ). Net photosynthesis per gram (A mass ) and nitrogen content (N%) had the same pattern of change as A area and N area (data not shown).
Hydraulic conductivity and properties, and leaf morphology
Sapwood area-specific hydraulic conductivity (K S ) showed a significant ( Table 1) unimodal pattern relative to height; it spanned a range from 0.9 kg m −1 s −1 MPa −1 in 1-year-old resprouts, to 1.27 kg m −1 s −1 MPa −1 in 2-year-old resprouts, and 0.66 kg m −1 s −1 MPa −1 in 7-year-old resprouts, but all were higher than that in the adults (Figure 4a ). Leaf area-specific hydraulic conductivity (K L ) was highest in 1-year-old resprouts, and decreased annually over the first 4 years to reach a minimum value of 1.7 kg m −1 s −1 MPa −1 , and remained at this value for the next 3 years (Figure 4b ). K L was 2.2 kg m −1 s −1 MPa −1 in the adult controls as a result of the smaller leaf area per sapwood area in the adults than on the older resprouts, as indicated by a higher HV in the adults (Figure 4b, c) . Stem native PLC was lowest in 1-year-old and 2-year-old resprouts, increased with resprout height and reached a maximum value of 79% in adult plants, a 2.6-fold loss in conductivity ( Figure  4d ). K S , K L , HV and native PLC had significant second-order polynomial terms with plant height (Table 1 ). The wood density was ~0.55 g cm −3 in resprouts and adult plants with the exception of the youngest (1-year-old) resprouts, which had a lower wood density of 0.44 g cm −3 .
Mean individual leaflet size decreased linearly with plant height (Figure 5a , Table 1 ). Dry leaf mass per unit area did not differ significantly with resprout age or height (Figure 5b) . Leaf thickness (LT) and leaf density (LD) showed significant second-order polynomial terms with height (Table 1) ; LT decreased in 1-yearold to 5-year-old resprouts and then increased in older resprouts and adult plants, while LD increased steadily with resprout height and was highest in adult plants (Figure 5c, d) .
Limits to the height growth of shrub resprouts 279 Figure 2 . Aboveground biomass per plant versus plant height (a) increased with resprout height and finally was similar to that in the adults; leaf area per plant (LAP) (b) and leaf biomass per plant (c) increased and then decreased with plant height; percentage of biomass allocated to leaves (including petioles) (d) and percentage of biomass allocated to stems (e) increased and decreased linearly with plant height, respectively; and percentage of biomass allocated to spines (f) decreased steadily with plant height. The solid lines indicate significant (P < 0.05) regressions (second-order polynomials fitted to log-log transformed data for a, b, c, f, and linear regressions fitted to log-log transformed data for d, e). Test results for regression analyses are given in Table 1 . Values are means ± SE of the mean (n = 5).
Relationships among A area , g s , LWP, N area , leaf morphology and hydraulic conductivity
A area was positively correlated with g s , N area , and LT (Figure 6a , b, c), but not with LMA (r 2 = 0.02, P = 0.99) or LD (r 2 = 0.38, P = 0.14) (data not shown). g s , in turn, was highly correlated with the minimum LWP (Figure 6d ). The minimum LWP was significantly correlated with K L (Figure 6e ), and K L was mainly regulated by K S via HV. K S in turn had a negative relationship with native PLC (Figure 6f ).
Discussion
The results of the present study showed that the height growth and aboveground biomass accumulation of the shrub C. korshinskii after coppicing were initially high, but quickly decreased with age after coppicing so that after 7 years the height and biomass of the resprout shrubs were similar to those of the uncut adults. This reduction in height growth with time after coppicing was associated with a decrease in minimum LWP, a decrease in A area , g s and nitrogen content (N area , N%) of the leaves, a decrease in K L , and K S and an increase in native PLC. Association does not indicate causality, but we suggest that the reduction in nutrient availability and the loss of stem hydraulic conductivity may both have contributed to the limitation of height growth.
The decrease in A area and g s occurred in parallel with the change in minimum LWP. Indeed there was a very close correlation between A area and g s , and between g s and the LWP measured at the same time between 09:00 and 10:30 h (Figure 6 ), suggesting that the decrease in A area was induced by the decrease in minimum LWP. While we conclude that the decrease in the minimum LWP from 1-year-old to 2-year-old resprouts was associated with increasing leaf area and evaporating surface, the further decreases in minimum LWP with resprout age we suggest were associated with decreased hydraulic conductivity, as indicated by gradually decreasing K S and K L , and increasing native PLC. Hydraulic conductivity has been reported to play an important role in determining leaf-level gas exchange and photosynthetic rate (Sperry et al. 1993 , Brodribb and Feild 2000 , Hubbard et al. 2001 , Brodribb et al. 2002 , and has led to the proposition that loss of hydraulic conductivity associated with xylem embolism can account for decreased stomatal conductance and photosynthesis. As all of the measured shrubs were planted in the same year and in the same location, the root system of the resprouted shrubs in the deep Loess soil at the site should be similar, and the soil water available for the resprouted shrubs at the time of measurement should be the same, as indicated by the similar values of predawn LWP between resprouts in 2010. As a result, the availability of water for the roots and aboveground tissues should be the same. Previous researchers have proposed that decreased height growth with resprout age was due to the decrease in the rootto-shoot ratio in resprouts as a result of the increased competition for the limited edaphic resources such as water and nitrogen (Clemente et al. 2005 , Fang et al. 2006 . While the initial decrease in the minimum LWP from −2.0 to −2.6 MPa may have been from the increase in LAP and the associated increase in water use, the decrease in minimum LWP from −2.7 to −3.0 MPa in 4-to 7-year-old resprouts was not associated with an increase in LAP. Rather, the decrease in minimum LWP in the Table 1 . Results of regression analysis of the relationships between measured variables with plant height shown in Figures 2, 3, 4 and 5. Secondorder polynomials were fitted for all relationships (log X = a + b log H + c (log H) 2 ). If the second-order polynomial was not significant, a linear (allometric) equation was then fitted (log X = a + b log H). later years of regrowth was associated with a decrease in K S . Likewise, K L decreased steadily from 1-to 7-year-resprouts and decreased negatively with minimum LWP. Our results suggest that the loss of stem hydraulic conductivity by the growing resprouts induced a gradual increase in leaf water stress with age, similar to the changes with height in tall trees (Koch et al. 2004 , Woodruff et al. 2004 , Drake et al. 2010 ), which in turn induced a decrease in stomatal conductance. We conclude that the results provide support for, but not proof of, the hydraulic limitation hypothesis during resprout growth (Hubbard et al. 1999 , Ryan et al. 2006 , Drake et al. 2010 . Woody density has been suggested as a potential constraint on the plant water transport pathway (Edwards 2010) . However, in the present study, woody density varied little with resprout age, except in 1-year-old resprouts that had a low wood density, and does not account for the significant variation in K S observed in this study. The decrease in hydraulic conductivity with age could also have arisen from an increase in xylem embolism (Sperry et al. 1991) or deterioration of the xylem due to insect damage, fungal infections and other factors that can cause deformation of the xylem. Although we do not rule out the effect of the latter explanation for the loss of the stem hydraulic conductivity, xylem embolism obviously played an important role, as indicated by a decrease in K S and an increase in native PLC from 1-to 7-year-old resprouts. An increase in native PLC from 30 to 60% can account for a large proportion of the 45% observed loss of hydraulic conductivity per sapwood area.
Parameter
However, N area also decreased steadily and dramatically with resprout age and height. Although the rate of leaf photosynthesis was associated with the decrease in leaf water status, the effects of leaf nitrogen concentration on photosynthesis may also have had a role, as increased foliar nitrogen concentration has been shown to increase leaf net photosynthesis (Niinemets et al. 2002 , Peña-Rojas et al. 2005 . The N limitation hypothesis proposes that nutrient availability declines with age as N is immobilized in woody biomass, consequently decreasing foliar nitrogen and limiting the photosynthesis. However, the observations supporting this hypothesis are limited, as some researchers observed no decrease in nutrient availability with increased age in tall trees Limits to the height growth of shrub resprouts 281 Figure 3 . Predawn leaf water potential (LWP) (a) did not vary significantly with height, but the minimum LWP at 09:00 to 10:30 h (b), the rate of leaf photosynthesis per unit area (A area ) (c) and the stomatal conductance (g s ) (d) decreased significantly with resprout height and then increased in the adults; while leaf nitrogen content per unit area (N area ) decreased linearly with plant height (e). The solid lines indicate significant (P < 0.05) regressions (second-order polynomials fitted to log-log transformed data for b, c, d, and a linear regression fitted to log-log transformed data for e). Test results for regression analyses are given in Table 1 . Values are means ± SE of the mean (n = 5). Figure 4 . Sapwood area-specific hydraulic conductivity (K S ) (a) increased in young, short resprouts and then decreased in older, taller resprouts and adult plants; leaf area-specific hydraulic conductivity (K L ) (b) decreased steadily with resprout height and then increased in the adults; while Huber values (HV) (c) and stem native percentage loss of hydraulic conductivity (PLC) (d) increased with resprout height, and reached a maximum value in the adults. The solid lines indicate significant (P < 0.05) regressions (second-order polynomials fitted to log-log transformed data for a, b, c and d). Test results for regression analyses are given in Table 1 . Values are means ± SE of the mean (n = 5). 2010), and others observed an increase in nitrogen availability with age (Smithwick et al. 2009 ). In the present study, N area did decrease with resprout age. The high ratio of roots to shoots after coppicing significantly increased foliar N, but with aboveground biomass accumulation, N area decreased steadily, which was associated with the decline in photosynthetic rate. The results of this study are also in general agreement with the nutrient limitation hypothesis that height growth is limited by nutrient availability (Johnson 2006) .
The LMA can also influence photosynthetic rate through changing leaf density and thickness; greater thickness increases photosynthetic rate per unit area without impairing internal diffusion of CO 2 , whereas increased density decreases photosynthesis per unit mass and reduces internal CO 2 conductance and decreases the intercellular transfer conductance for CO 2 (Peña-Rojas et al. 2005) . Previous studies have shown that LMA gradually increases with ontogeny (Thomas and Winner 2002 , Ishida et al. 2005 , Thomas 2010 , Goorman et al. 2011 and increases with decreased LWP along a height gradient (Koch et al. 2004 , Woodruff et al. 2004 , Drake et al. 2010 , and changes in LMA have been regarded as a key factor to understand variation in gas exchange. In this study, LMA was not correlated with photosynthetic rate. Although LT was related with photosynthetic rate, it is less tight with A area compared with g s and N area , and was probably of secondary importance.
In summary, we conclude that progressive loss of stem hydraulic conductivity with height growth due to increased xylem embolism decreased the LWP in C. korshinskii resprouts, which we suggest induced a decrease in leaf photosynthesis. A gradual decrease in foliar nitrogen also occurred with age, and may have also contributed to the gradual decrease in leaf photosynthesis. Although the lack of manipulation renders it impossible to determine whether hydraulic limitations or Figure 5 . Leaflet size (a) decreased linearly with plant height; dry leaf mass per unit area (LMA) (b) did not vary significantly with plant height; fresh leaf mass (FM) per unit area as an estimate of leaf thickness (LT) (c) decreased in young, short resprouts and then increased in older, taller resprouts and adult plants; and the leaf percentage dry mass (DM) to fresh mass ratio (DM/FM) as an estimate of leaf density (LD) (d) increased steadily with resprout height and was highest in adult plants. The solid lines indicate significant (P < 0.05) regressions (a linear regression fitted to log-log transformed data for a, and second-order polynomials fitted to log-log transformed data for b, c, d).
Test results for regression analyses are given in Table 1 . Values are means ± SE of the mean (n = 5). Figure 6 . Rate of leaf photosynthesis per unit area (A area ) increased linearly with stomatal conductance (g s ) (a), leaf nitrogen content per unit area (N area ) (b) and leaf thickness (LT) (c); while stomatal conductance (g s ) decreased linearly with a decrease in minimum leaf water potential (LWP) (d); minimum LWP decreased linearly with a decrease in leaf area-specific hydraulic conductivity (K L ) (e); and sapwood areaspecific hydraulic conductivity (K S ) decreased linearly with an increase in stem native percentage loss of hydraulic conductivity (PLC) (f). Data are means ± 1 SE of the mean (n = 5). The lines are the fitted linear regressions with the correlation coefficient (r 2 ) and probability values (P) given. nutrient availability limited the height growth, the results of the present study suggest that both mechanisms reduce assimilation that may have contributed to the cessation of height growth after 7 years. Nevertheless, the results contribute towards a better understanding of the mechanisms that influence the growth and physiology of the shrub following browsing (Johnston et al. 2007 , Bilyeu et al. 2008 ) and as the shrub approaches its final size.
